Abstract. This work compares the anticorrosion features of polysiloxane hybrid films deposited on carbon steel substrates by dip-coating. To assess the influence of the components, sol-gel coatings were prepared from condensation and polymerization of TEOS and MPTS, TEOS and MTES, TMOS and MPTS or TMOS and MTES in three molar ratios. The corrosion resistance of the coatings was evaluated by means of polarization curves and the coatings' thicknesses and compositions were analyzed by a field emission-scanning electron microscopy.
Introduction
Corrosion of reinforcing steel is one of the main causes of premature failure of reinforced concrete structures (RCS). Steel rebars embedded in concrete are protected from corrosion by a thin oxide layer that is formed and maintained on their surfaces thanks to the high pH level of the surrounding concrete [1] . Several ions, which are produced by the hydration of the cement paste, dissolve in pore water to provide an aqueous solution of pH ∼12.5. This provides passivity to the reinforcing bar. However, if chloride ions are present in concrete, especially near the surface of concrete reinforcement bar, and are present above a threshold value, they depassivate the steel [2] .
Corrosion protection of RCS is often achieved by addition of corrosion inhibitors to the concrete, using high performance concrete mixtures, using protective coatings or stainless steel (SS) rebars, and applying cathodic protection (CP) systems. Among these methods, the use of protective coatings is one of the most economical and effective methods since it can establish a physical barrier between aggressive ions and the steel bar.
Different types of protective coatings have been developed, both organic (paint) and inorganic (ceramic) as well as a combination of them. However, coatings based on polymeric materials have low thermal stability and poor adhesion to the metal surface and also inorganic coatings suffer limitations due to micro cracks, porosity and high internal stress leading to adhesion failures and thickness limitations [3] . Alternatively, the research on hybrid organic-inorganic materials deposited by sol-gel dip or spin-coating on various substrates, mostly metals, has intensified in recent years due to their excellent anticorrosion properties.
The Class II hybrids, in which the organic and inorganic phases are linked by covalent bonds, reduces the phase separation of the layer and the delamination process, preventing long-term failure of the coating [4] .
The aim of this work was to study the anticorrosion properties of sol-gel coatings applied on carbon steel and immersed in saturated calcium hydroxide (Ca(OH) 2 ) solution contaminated with 3 wt.% NaCl for 2 and 48 h using polarization curves.
Experimental
Sol-gel coatings were prepared from condensation and polymerization of tetraethyl orthosilicate (Si(OCH 2 CH 3 ) 4 (TEOS , and air-dried for approximately 10 min. This procedure was carried out twice, after which the coated steels were heated at 65 ºC for 24 h and cured at 160 ºC for 3 h. The thickness and the compositions of the coatings were determined by a field emission-scanning electron microscopy, a FE-SEM FEI Nova NanoSEM 230, equipped with an EDAX Genesis XM2i analyzer was used.
The corrosion behavior of coated and uncoated carbon steel specimens was evaluated by means of polarization curves after 2 and 48 h of immersion in a simulated concrete pore solution (a saturated Ca(OH) 2 solution) with a pH 12−13, containing a 3 wt.% NaCl. A PARC 273A potentiostat (EG&G Instruments) was utilized for polarization curves. A potential scan rate of 0.1667 mV s −1 was used. The experiments were performed at room temperature and at least three times to confirm the reproducibility of the results. The Avesta-type cell was used in a threeelectrode configuration with the sample as the working electrode, a saturated calomel electrode (SCE) as reference, and a platinum mesh as counter electrode. Fig. 1 show the polarization curves for uncoated and coated samples with TEOS/MPTS, TEOS/MTES, TMOS/MPTS, and TMOS/MTES mixtures using R0.5, R1, and R2 molar ratios, recorded after 2 and 48 h of immersion in the test solution. The shape of the curves indicates that the coated samples exhibited stable passive behavior. Pitting potentials were not observed for all coated steels, indicating an excellent anticorrosion performance of the coatings. Only a rapid increase in the anodic current density at ∼700−800 mV vs. SCE was observed, which may be due to the oxidation of hydroxyl ions (4OH − → O 2 + 2H 2 O + 4e − ). The E corr are shown in Table 1 for 2 and 48 h of immersion in Ca(OH) 2 containing 3% NaCl. The E corr values for coated steel were closed to those values obtained for uncoated steel independently of the age of study. It can be seen that for uncoated steel the E corr were −0.448 and −0.381 V vs. SCE after 2 and 48 h immersion, respectively, while the E corr values for coated steel were in the range from −0.225 V to −0.458 V vs. SCE. Therefore, the nature of reagents and the molar ratios used in the synthesis of the polysiloxane hybrids coatings for carbon steel do not seem to have a clear influence on the E corr . Table 1 also shows the i corr values for carbon steel for 2 and 48 h immersion in the test solution. The uncoated steel showed an active behavior, i corr 19−30 µA cm −2 , independently of the immersion time, suggesting that the oxide film growing on the metal surface was not protective and chloride ions attacked the passive layer causing its breakdown. For 2 h of immersion, the application of a coating improved the corrosion behavior of the sample (see Fig. 1 ), the i corr were 1−2 orders of magnitude lower than in the uncoated steel, with i corr values between 7.6 and 0.3 µA cm −2 , typical of passive state. For 48 h of immersion, most of the coated steels showed i corr ∼1.2 µA cm −2 , indicating long-
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term resistance to chloride penetration. This was likely due to well-covered steel surface; the coating formed, without pores and cracks, retarded the corrosion process. Figure 1 . Polarization curves for uncoated and coated carbon steel plates with polysiloxane hybrids synthetized from the mixtures, TEOS/MPTS, TEOS/MTES, TMOS/MPTS, and TMOS/MTES using R0.5, R1 and R2 molar ratios, recorded after 2 and 48 h of immersion in saturated Ca(OH) 2 solution containing 3% NaCl. The hybrid organic-inorganic synthesized with the mixtures TMOS/MPTS, TEOS/MTES or TMOS/MTES showed lower i corr than those formed with mixture TEOS/MPTS independently of the immersion time (see Table 1 ), indicating better protection of the former coatings in saturated Ca(OH) 2 solution containing 3% NaCl. This enhancement of the protection may be related to a higher thickness of the coatings and/or a higher adhesion between the coating and steel. The thickness and composition of the hybrid synthesized for the different mixtures: TEOS/MPTS, TEOS/MTES, TMOS/MPTS and TMOS/MTES with the three molar ratios are showed in Table 2 . The hybrid coatings formed in the presence of MPTS present a higher thickness, establishing an efficient physical barrier against corrosion of steel. The thickness of TMOS/MPTS hybrid is slightly higher than that of TEOS/MPTS independently of the molar ratio and therefore, TMOS/MPTS coatings had i corr values of one order of magnitude lower for 2 h of immersion (see Table 1 ). On the other hand, TEOS or TMOS/MTES hybrids presented a higher percentage of Si in their compositions independently the molar ratio used. The presence of covalent bonds in the hybrids with higher percentage of Si and higher degree of condensation should result in increased adhesion between the coating and the steel substrate [4] . Consequently, i corr values of 10 times lower for 2 h of immersion were detected making the steel less susceptible to corrosion due to debonding and delamination processes of the coating. Furthermore, an increase of the amount of TEOS or TMOS (ratios R1 and R2) employed in the synthesis of the coatings showed only lower i corr values in some mixtures. In general, the effect of molar ratio did not seem to have a significant role in improving the anticorrosion properties of the coatings.
Conclusions
The polarization tests achieved in simulated concrete pore solution suggested that the anticorrosion coatings synthetized from TMOS/MTES, TEOS/MTES and TMOS/MPTS mixtures were the most protective against corrosion, likely due to a greater adherence to the metallic substrate and a higher thickness of the coating, capable of delaying the corrosion process. The nature of the reagents used in the synthesis of the coatings had greater influence than the molar ratio in the anticorrosion features of these films.
